INTRODUCTION

THE FINITE ELEMENT METHOD
Finite element analysis (FEA) is best suited to examining the detail of a network component, rather than its terminal performance, but it is most often internal detail that makes the difference between failure and trouble-free operation. The flexibility of the method allows it to be used to investigate a full range of structures from the paper layer around an electrode to the largest power transformer or valve assembly. The examples presented in the following sections illustrate clearly the benefits of incorporating numerical analysis into network component development.
All electromagnetic studies were performed with AREVA T&D's SLIM Electromagnetic Engineering software.
SHORT-CIRCUIT FORCES AND DISPLACEMENTS ON TRANSFORMER WINDINGS
The example in this study is a traction transformer, but the principles and methods apply equally to transmission and distribution wound equipment such as transformers and chokes. Electromagnetic and mechanical finite element analyses have been carried out during the design of a traction transformer required to withstand an onerous short circuit load.
The electromagnetic forces and distributions within the windings were calculated using SLIM. Figure 1 shows the axial component of the force vectors. These predicted electromagnetic loadings were used as input data to the mechanical finite element model ( Figure 2 ).
The displacement, mechanical deformation and stress distributions in the windings and their support structures were calculated. Figure 3 shows the stress distribution. The computed stresses and displacements indicated a more than adequate design, a fact confirmed by short circuit test. The salient features of the seismic analysis included:
C C I I R R E E D D
• constructing an appropriate mechanical finite element model, • conducting a modal analysis to extract the vibratory modes within the frequency range of interest, • determining the seismic performance to be achieved, • generating a generic seismic spectrum in accordance with some international standards, • performing a seismic spectrum analysis with respect to seismic excitation, • using the SRSS mode combination technique to predict seismic responses.
In this case, the seismic qualification was achieved at the design stage by using FEA without recourse to full scale seismic testing.
ELECTRIC STRESS IN AN HVDC LINK TRANSFORMER
In an HVDC transformer, the regions in the vicinity of the start and finish of the winding coils are particularly stressed electrically. Coils are made from copper strip, the turns being insulated with a paper wrap and separated by spacers to allow access for the cooling oil.
A typical finite-element model of the bottom of a winding is shown in Figure 5 . The figure shows a radial/axial section through the core, coils, insulation and support systems. Stress rings of foil-covered wood, at the same electrical potential as the windings that they protect, shield the ends of the coils. Also shown in Figure 5 are typical voltage and electrical stress distributions under a.c. and d.c. conditions (the latter occurring in the low voltage winding).
The design challenge is to minimise the amount of material used for insulation and support while staying within thermal, electrical and mechanical stress limits. For HVDC transformers the challenge is increased, as some of the best insulators under a.c. conditions perform badly under d.c. conditions and vice-versa. FEA allows the optimisation of the winding insulation at the design stage, minimising the chance of failure under test.
LOCALISED HEATING IN A TRANSFORMER TANK WALL
The magnetic fields in a transformer are not confined to the core. In particular, the low voltage leads carrying current to and from the windings will generate their own magnetic fields. When stray fields impinge structural components such as clamping plates, tie rods and the tank wall itself, they induce currents that give rise to Joule heating.
For the most part, the small amount of heating involved can be handled by the general oil flow inside the tank but, occasionally, a structural feature can concentrate or focus the induced current into a region with poor cooling and unacceptable temperatures can arise. Detailed, threedimensional simulations are the only way to find and deal with these critical regions at the design stage. Figure 6 shows an inside view of a 550 MVA transformer tank, with the LV busbar system and the tank wall shields. The turrets for the low voltage connection are also shown, as is a particular feature of this design: a stainless steel insert in the tank cover. This is used to reduce the losses near the front of the tank cover where it overhangs the tank wall and where the cooling is known to be poor. It is anticipated that the superconducting fault current limiter (SFCL), based on new high-temperature superconductor (HTS), will play an important role in ensuring the reliability and flexibility of future distributed electric power systems. The design and analysis of the SFCL is thus of great industrial interest.
C C I I R R E E D D
A recent joint project between the AREVA T&D Technology Centre and the University of Cambridge has led to the development of a superconductor finite element solver as part of SLIM [1, 2] . The numerical algorithms implemented within SLIM describe the electromagnetic behaviour of the superconductor based on the E-J power law and also Bean's Critical State Model. At the AREVA T&D Technology Centre, a shieldedinductive SFCL has been designed using this new numerical functionality and is being tested. Figure 9 shows the designed current-limiting performance. Further details of this equipment, including test data, will be available at the CIRED Conference in June 2004.
